In this Appendix, the principal formulation and simulation techniques used in the production of tissue substitutes are briefly described, together with the methods of fabricating phantoms and detectors. Only an outline of the techniques will be given here and the reader is directed to the cited references for further details.
C.1 Formulation Techniques
The techniques which have been used to formulate tissue substitutes fall into three main groups based upon basic interaction data, effective atomic number (Z), or elemental equivalence.
Basic Data Method. This method was introduced by White (1974, 1977b) for the formulation of two-component tissue substitutes (base material and corrective compound) which are to be used with photons and electrons. The procedure had two main objectives:
(a) To establish precisely the relative mass of the corrective compound required to achieve either mass attenuation coefficients or mass stopping powers within predefined limits. (b) To enable the most suitable corrective compound for addition to a base material to be chosen from a library of compounds. Consider a tissue substitute, S, comprised of compounds A and B. In order to precisely match the photoelectric mass attenuation coefficient of the substitute to that of tissue, X, for monoenergetic radiation, the mixture rule gives,
where WA and WE are the fractions by mass of A and B and (r/p)x, (r/P)A, (r/P)B are the photoelectric mass attenuation coefficients for the tissue and compounds, respectively.
The suitability of the corrective compound, B, is evaluated by considering the slopes (ms,mx,mA,mB) of the plots of In(r/p) versus In (photon energy) for the substitute, S, the tissue, X, and compounds A and B. These slopes are related by the equation,
where k = Em/Eo; Em is the midpoint energy and Eo is the minimum energy of the energy interval over which 174 simulation is required;!3A = WA(r/P)A/(r/P)S and!3B = WE( r/ P)B/( r/ p)s·
If the permissible spread in slope ms for the substitute is calculated, then the permitted variation in slope mB for the corrective compound may be derived for photoelectric interactions and used as an evaluation procedure for added compounds. Similar methods may be adopted for the other partial mass attenuation coefficients, electron mass collision, and radiative stopping powers and mass scattering powers. The formulae may be readily modified so that linear instead of mass interaction data can be evaluated. Hermann et al. (1985a and b) have applied a twoenergy approach with linear-attenuation coefficients for three-component substitutes.
An optimum solution to the resulting set of three simultaneous equations was obtained using an iterative procedure.
Effective Atomic Number (Z) Method. This early formulation technique, introduced by Mayneord in 1937, has been used extensively for photon interactions. For a partial mass attenuation coefficient such as r/ p, exhibiting a simple power law dependence on Z,
For a compound, the elemental atomic number, Z, in Eq. C4 is replaced by an effective atomic number, Z, compound r/p=aZx,
and Wi is the mass fraction of the ith element with atomic number, Zi. Methods of defining effective atomic numbers using different weighting procedures have been suggested in the literature (Spiers, 1946; Hine, 1952; Henriksen and Baarli, 1957; Murty, 1965) . Different values of Z would be obtained if atomic cross sections are used instead of mass attenyation coefficients.
The use of a single effective atomic number to characterize mass attenuation coefficients over extended energy intervals is often unsatisfactory. Differences in excess of 10% between the mass attenuation coeffi-cients of the body tissue and its substitute can result, especially at low-photon energies (White, 1974 and 1977a) .
Mathematical expressions relating the slopes of the log-log plots of partial mass attenuation coefficients versus photon energy for two-component substitutes may be derived for selecting corrective compounds as in the basic data method. Similar mathematical manipulations using an alternative Z-based expression have been used by Geske (1975 Geske ( , 1977 Geske ( , 1979 . The sum P L,Wi(Z;!A j ), where p is mass density, Wi is the fracj tional mass of the ith element with atomic number, Zj and atomic mass, Aj, was employed to characterize partial mass attenuation coefficients in the formulation of tissue substitutes.
Elemental Equivalence. The aim of this method is to duplicate the elemental composition of a body tissue in a tissue substitute. Such a tissue substitute is particularly useful when the complex absorption and scattering interactions occurring when neutrons traverse body tissues are being replicated. The method was used by Rossi and Failla (1956) to formulate a water-based mixture elementally equivalent to an approximate formula for soft tissue, (CSH400lSN)n' Shonka et al. (1958) , in producing a range of electrically conducting plastics, used this technique to match the hydrogen and nitrogen concentrations of the substitute to those of the body tissue. This was only a part of their formulation procedure, in that other factors such as carbon content (for electrical conductivity) and photoelectric attenuation at 30 keV were considered.
Frigerio and Sampson (1969) and later Constantinou (1978) , extended the elemental equivalence technique by using a simplified version of Gibbs' method of canonical components (Hutchinson, 1964) and have produced numerous liquid, gel, and solid tissue substitutes. Although the method is relatively straightforward for liquids and gels, the application to solids involving polymers and resins is handicapped by the deficient oxygen content of these materials compared to most body tissues. Solid "elementally equivalent" tissue substitutes are often formulated with their carbon plus oxygen concentration, and not these individual elements, matching the same elemental grouping in the body tissue.
More information on the three formulation methods described here is to be found in the review of White and Constantinou (1982).
C.2 Fabrication Techniques
Several detailed accounts of the fabrication techniques used in the manufacture of phantoms and radiation detectors have been published. A review of the fabrication techniques for solids, liquids, gels, and C.2 Fabrication Techniques • •• 175 powders, including the manufacture of specialized phantoms and test objects for such diagnostic procedures as mammography and computed tomography, has been given by White and Constantinou (1982) . The production of the electrically conducting plastics of Shonka et al. (1958) has been discussed in detail in ICRU Report 26 (ICRU, 1977) and by Spokas (1978) . The manipulation of polyurethane-based tissue substitutes used in the manufacture of anthropomorphic thorax phantoms, has been discussed by Griffith et al. (1976) and Griffith (1980) . The manufacture of polyethylene-based plastics with inorganic fillers has been described by Hermann et al. (1985b, 1986) .
In this Appendix, brief outlines of the fabrication techniques developed for the Shonka plastics, epoxy resin-based and polyurethane-based tissue substitutes will be presented. The procedures described for these three systems are representative of the manufacturing methods now employed for the majority of formulated, solid tissue substitutes.
Shonka Plastics. These are electrically conducting solid plastic mixtures which are suitable for the fabrication of electrodes and bodies of ionization chambers and proportional counters (Shonka et al., 1958; Spokas, 1978; Kliauga and Rossi, 1981) . The mixtures consist of a matrix provided by either a single thermoplastic polymer or a blend of two thermoplastic polymers throughout which fine inert powders are uniformly dispersed. Shonka plastics are amenable to standard plastics molding methods and to routine machining procedures.
Examples of simple and compound polymer hosts which have been used in Shonka plastics are given in Table C .l. The nonplastic components are in the form of fine powders having mean particle sizes ranging from 20-30 nm for carbon black to 30 .um for calcium fluoride. These represent the finest powders which are conveniently available. To achieve adequate electrical conductivity requires a minimum concentration of carbon black of approximately 13% by mass, depending on the choice of polymer matrix. The use of carbon black also improves the simulation properties for photon interactions by compensating for a large oxygen deficiency in the mixtures in comparison with the body tissues being simulated. The preferred mixing procedure requires the polymers as well as the inert ingredients to be in powdered form. The ingredients are prehomogenized in amounts of 0.5-0.8 kg in cylindrical containers. The containers are rotated for at least 30 minutes about their axes which are held horizontal. An unattached mixing blade in the container imparts a bi-directionallongitudinal motion to the powder as the container rotates. The homogenized powders are fed into a specially constructed extrusion mixer where intensive blending occurs. The mixer operates at a temperature where the polymer components are relatively soft, and acts on the materials so as to disperse the hard inert ingredients throughout the plastic matrix with a high degree of uniformity.
The mixing chamber is a hardened steel cylinder containing a close-fitting mixing screw resembling the screw of a plastics extruder. The shaft of the screw extends through both ends of the chamber. As the screw is only about two-thirds as long as the chamber, some longitudinal motion of the screw is permitted. The chamber is sealed except for a small orifice at the front through which blended material may be forced out and a larger one at the rear where powdered ingredients are forced in.
In operation, the chamber is kept full of material. The screw is rotated alternately clockwise and counterclockwise by means of a sliding spline which produces a concomitant to and fro axial movement of the screw through the mixture. There is a corresponding back and forth motion of the materials over the screw in the chamber. When the screw rotates counterclockwise and moves backwards, it encounters a thrust bearing which limits the backward travel. Continuing the counterclockwise rotation for a preset interval forces a small amount of material through the extrusion orifice.
This mixing process is a continuous one as opposed to a batch process. Powder is constantly forced into the entrance port to compensate for the small regular amounts of blended material which emerge from the extrusion orifice. A continuous process yields a higher degree of consistency in the final product than could be achieved in a batch process.
The main factors governing the mixing operation are the temperature of the mixing chamber, rotational speed of the mixing screw, size of extrusion orifice, and the amount of material extruded in each complete cycle of screw motion (clockwise rotation and forward axial displacement).
The last three factors together, for a given operating temperature, govern the mixing rate and hence the residence time of the material in the chamber. Orifice size and amount of extra counterclockwise rotation provide two means of controlling the residence time. Residence times range from 5 to 15 minutes. Typical temperatures are 175-185°C for the Shonka plastics A150, B100, and B110. It is usually necessary to provide some cooling ofthe mixing chamber as the mixing process generates more heat through internal friction than is needed to maintain the chamber temperature.
Epoxy Resin-Based Tissue Substitutes. Epoxy resins systems, like other cold-cure products (acrylics, polyesters, etc.) are available in a range of elemental compositions and mass densities (White et al., 1977) . The mass densities of the unfilled resin systems (1050-1150 kg m-3 ) are generally too high for soft tissue simulation. The addition of low density (200 kg m-3 ) phenolic microspheres as a fine powder may be used to reduce the density of the resin system to 600 kg m-3 , while foaming agents may reduce this further (300 kg m-3 ) (White et al., 1986) .
By careful choice of particulate fillers and the mixing and evacuation techniques employed, homogeneous, air-free endproducts may be obtained. Essentially, the procedure is as follows. The required quantities of liquid resin and hardener and fine particulate fillers «50 Jlm mean diameter) are accurately dispensed into a Pyrex reaction vessel. The mixture in the vessel is then mechanically mixed while being gradually evacuated to a pressure of 10-3 Torr. After approximately 30 minutes the mixture may be poured into an evacuated mold.
The process is moderately exothermic, so the efficient removal of the heat generated during curing is essential if excessive shrinkage and distortion of the final hardened material is to be avoided. Low-exotherm hardeners are now available which slow down the hardening process and eliminate the rapid production of heat.
Rigid and flexible epoxy resin-based tissue substitutes may be cast directly into molds in order to produce complex body sections and phantoms. Cavities for radiation detectors may be cast in situ. Rigid materials may be readily drilled and machined using a lathe or milling machine.
Polyurethane-Based Tissue Substitutes. A wide range of polyurethane formulations are available commercially. They yield finished materials that vary from being very flexible to extremely rigid. In addition, foamed products provide spongy materials with densities below 250 kg m-3 • The typical composition of polyurethane is 8-10% H, 60-65% C, 3-4% N, and 20-25% 0, by mass. Except for reversal of the carbonoxygen concentrations, the nominal composition of polyurethane is not severely different from that of soft body tissues. However, for photon interactions there are enough differences that accurate tissue simulation must be achieved through the addition of fillers with higher atomic numbers. Calcium carbonate has been used in different concentrations, for example, to gen-erate a range of tissue substitutes to simulate muscle, breast, cartilage, bone, and lung (Griffith, 1980) . Polyurethane tissue substitutes must generally be cast, since the formulations are often chosen for their flexibility and cannot easily be machined. Polyurethane is a two-component plastic system. Typically, the inert filler is milled into one major component. Then the constituents are mixed and evacuated to remove air. At that point, if an accelerator is used, it is added to the mixture which is re-stirred and re-evacuated. The fluid must be poured into the mold relatively quickly before it thickens. However, as much as 24 hours may be required before it is fully cured. If a C.2 Fabrication Techniques . .• 177 radioactive substance is to be incorporated, it must be added with the filler to the non-isocyanate polymer constituent before final mixing with the other components is undertaken.
When foamed material is being produced (as for lung phantoms), the evacuation steps are omitted. The ingredients must be poured rapidly into the mold where they are accurately weighed to assure proper foam density. After pouring, the pour-hole is closed to properly confine the material, helping to ensure the correct density by over packing the resulting foam (White, 1974; Griffith, 1980) .
